Abstract-Full-duplex is a technology in telecommunication domain that can perform transmitting and receiving at the same time and in the same frequency band. The major obstacle of full-duplex is the self-interference (SI). Some previous works have focused on the SI cancellation in radio frequency (RF), and generally on a narrowband signal model. We have implemented a full-duplex prototype with orthogonal frequency-division multiplexing (OFDM) technology on GNURadio and Universal Software Radio Peripherals (USRP). We focus on the baseband, namely the digital part of the SI cancellation. Our testbed can achieve a digital cancellation of 27dB. After the cancellation, the signal of interest can achieve a bit error rate (BER) in the scale of 10 −5 at 4 meters, which is very close to the performance of half-duplex. This is, to our knowledge, the first full duplex implementation for OFDM technology.
I. INTRODUCTION
In telecommunication systems, normally the usage of the radio channel resource should be doubled to realize bidirectional communication. This kind of technology is called half-duplex. The full-duplex, on the other hand, permits the terminal to receive and transmit at the same time, in the same band of frequency. That makes the mechanism of access to media and spectrum allocation much easier and more flexible. It is also helpful for cognitive radio and wireless sensor networks.
A typical full-duplex transceiver requires at least one transmitting (TX) antenna and one receiving (RX) antenna. Normally the distance between the two antennas of the same node is much shorter than the distance between the two nodes. Thus the self-interference (SI) is significantly more important than the signal of interest. According to the calculation made in [1] , this difference is about 73dB, which makes SI cancellation the key issue in realizing a full-duplex system.
As SI cancellation is the most critical problem in the research of full-duplex, many researchers are involved in this topic. However, most of the works are focused on narrowband signal. We tend to analyze the performance of full-duplex on orthogonal frequency-division multiplexing (OFDM), which is a widely used standard in nowadays wireless telecommunication, e.g. in LTE and 802.11. We have chosen GNURadio and the Universal Software Radio Peripherals (USRP) as our software and hardware platform respectively. This combination is a typical Software Defined Radio (SDR) solution.
II. STATE OF THE ART
Some related works [2] [3] tend to divide the SI cancellation into three major categories: antenna cancellation, RF cancellation and digital cancellation.
In [2] , antenna cancellation was achieved by placing two TX antennas asymmetrically at d and d+λ/2 distance from the RX antenna. This allows the transmit signals to add π out of phase and hence cancel each other. Analog cancellation is also proposed, which requires knowledge of the SI channel to create a copy of the SI signal in the RF domain and cancel it before the signal is digitized. Digital cancellation utilizes the digital samples of the transmitted signal and subtracts them from the received samples, removing up to 25 dB of SI in their work.
In [3] , the authors propose a novel mechanism, balun cancellation, which uses signal inversion, through a balun (balanced/unbalanced) circuit. Being a method of analog cancellation, it profits from the knowledge of the transmission to cancel SI in the RF signal, before it is digitized. Melissa Duarte and Ashutosh Sabharwal discussed the existing approaches and proposed a experimental result on WARPLab framework in [4] . Melissa Duarte also proposed in her thesis [5] a detailed plan of implementing a fullduplex system for 802.11 transceiver. But in these works, their effort is always focused on narrowband.
III. PLATFORM
We selected GNURadio and USRP as our platform of software and hardware respectively. GNU Radio is a free and open-source software development toolkit that provides signal processing blocks to implement software radios [6] .
The USRP is a family of products designed and supported by Ettus Research, a National Instrument (NI) company. USRP products are used by engineers worldwide and remain the top choice in software defined radio hardware [7] . We have chosen NI USRP 2922 as our testbed components. The daughter board of the NI USRP 2922 supports a frequency band of 400MHz to 4.4GHz [8] . To avoid potential collision with the existing 802.11 or bluetooth signal in the widely used ISM band of 2.4-2.5GHz, we have chosen 2.15GHz as our testing frequency.
It should be noted that the GNURadio is not the only solution for implementing an SDR platform with USRP. The NI Company also provided LabVIEW as a very powerful SDR developing toolkit for USRP products. In fact, a full-duplex prototype has already been implemented on the USRP and LabVIEW in [9] . They had achieved a cancellation about 30dB in the same frequency band as we used. But their experiment still focused on a narrowband signal, not wideband such as OFDM.
In our SI cancellation test, we have set up a full-duplex transceiver with two USRPs, connected by a MIMO cable. One USRP served as the transmit path, the other act as the receive path. In the part of full-duplex test, a third USRP is needed to act as the far-end transmitter that diffuses the signal of interest. Fig. 1 IV. DESIGN Figure 2 represents the proposed flow chart of fullduplex solution with OFDM. Both the conventional transmit path and the receive path from GNURadio take part in this procedure. The transmit path gives us the result of adding preamble of the being transmitted data, and it should be rebuilt according to the characteristics of the channel. The receive path is in charge of detecting the received signal, making frequency offset compensation and FFT demodulation. Inside the new formed ofdm frame rebuilder function, sub-carrier alignment and channel estimation are taking place and rebuild the being transmitted data obtained from the transmit path according to the characteristics of the channel. Then it will pass through the IFFT to be transformed to time domain, and take a delay factor that is also estimated by ofdm sync function of the receive path to make sure that the two signals are well aligned in time domain. At last the rebuilt signal will be subtracted from the original received signal. Then the rest part after the subtraction, which is considered to be the data of interest, will be passed to the conventional receive path to be demodulated. 
V. EXPERIMENTS AND ANALYSES
The experiment is divided into two parts. Firstly we focus on the performance of SI cancellation. Without the participation of the third USRP, we only test the cancellation performance of the near-end, which is composed of two USRPs and a MIMO cable. In the second part of the test, we add the third USRP into our test to act as the far-end. Note that we always utilize 200 subcarriers in the middle of 512 ones in a frequency band of 500kHz.
A. SI Cancellation Experiment
In this part of test, our major measure metric is the cancellation rate, which is defined in making use of error vector magnitude (EVM) as following:
where V represents the vector that we rebuild from the information provided by the transmitting path, V r represents the vector that we actually received, thus e means the error between them, i.e. the residual SI. Therefore the average rate of cancellation is:
where m represents the number of sub-carriers in one OFDM symbol, and n represents the total number of OFDM symbols during our test. In this way we have got the cancellation rate of our testbed that reaches 27dB.
B. Full-Duplex Experiment
In this part of the experiment, we make use of three USRPs. Both the near-end and the far-end transmit their own signals simultaneously. The major metric is bit error rate (BER) of the signal of interest after canceling the SI.
As shown in Fig. 3 , we can observe that the BER declines as the TX Gain factor raises. As the distance get farther, the performance is getting worse. Note that the TX Gain means the difference between TX Gain at the far-end and the TX Gain at the near-end, namely the relative TX Gain. We found that our full-duplex experiment can tolerate the distance less than 4 meters. We tend to try some longer distances for example 5 meters, but the preamble can hardly be sensed at that distance with the presence of SI without applying RF cancellation.
Furthermore we tend to analyze the result in making use of SINR, which takes both the path loss caused by the distance and the TX gain into account. Note that the interference is much more powerful than the additive noise, so we tend to suppose that the noise level is negligible. Thus the SINR after the cancellation is supposed to be:
In this sense, we can rebuild the above figure in another manner that compares the BER with SIR residual .
As shown in Fig. 4 , the different lines show the same trend: as the relative SINR increases, the BER declines. The lines cross with each other, which mean the relative SINR has well unified the pass loss and TX gain factors. As shown in Fig. 5 , we compared the BER performance for several modulation settings provided by the GNURadio. As we raise the level of modulation, i.e. from BPSK to 8PSK, the BER raises. For the higher modulation levels, the difference among the constellation points decreases, thus the possibility of misjudging must be increasing. As a comparison, we also append the performance of halfduplex for each modulation as a reference. We can observe that our full-duplex result is worse than that of half-duplex, which means at the same SINR level, the residual SI is more harmful than additive noise. In addition, we attached the theoretical BER for BPSK modulation in OFDM with Rayleigh multipath channel [10] and AWGN channel [11] as a reference. As we can observe from Fig. 5 , both the results of half-duplex and full-duplex are between the theoretical performance of the two channel models. 
VI. CONCLUSION
We have achieved a prototype of full-duplex transceiver, which is by now the first OFDM version full-duplex transceiver on GNURadio and USRP platform. Some related works already exist in implementing the full-duplex on narrowband channel models, but our contribution is applying the full-duplex idea on a more practical wideband signal model. We focused on the digital cancellation, which reached a cancellation of 27dB. We also measured the BER of the signal transmitted from the far-end transmitter as a source of interest after the SI cancellation. The best result is in the scale of 10 −5 , which is very close to the performance of half-duplex.
